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binding of Insig1 to HMG-CoA reduc-
tase, causing ubiquitination and
degradation of the enzyme, which in
turn decreases cholesterol synthesis
(Goldstein et al., 2006).
The Espenshade study (Hughes
et al., 2007) opens new avenues of
investigation into the regulation of
P450 enzymatic activity. For example,
a close homolog of PGRMC1, desig-
nated PGRMC2, has been identified
in humans, mice, rats, chickens, frogs,
and fish (Mourot et al., 2006). Does
PGRMC2 modulate the same group
of P450s as PGRMC1, or a distinct
group? What is the precise mecha-
nism and structural basis by which
PGRMC1 (and possibly PGRMC2)
modulates activity of P450 enzymes?
Do accessory proteins that link
PGRMCs with their P450 targets
exist? What regulates expression of
PGRMC1 and PGRMC2? Are they
responsive to oxygen deprivation in
mammals? What is the significance
of Insig1/PGRMC1 binding? S. pombe
has an Insig1 homolog, which is desig-
nated Ins1 (Hughes et al., 2005). Does
Ins1 bind S. pombe Dap1, and is it
involved in Dap1-mediated regulation
of CYP51A1? Turnover rates of P450
enzymes in vitro are notoriously low.
Is this inefficiency caused by a disrup-
tion of complexes by the detergents
that are used to solubilize the latter
proteins prior to determination of
enzyme activity? Answers to these
questions hold promise for new, excit-
ing, and unexpected insights into the
regulation of P450 activity.
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Lipids provide an essential source of metabolites and energy in normal development as well as during
periods of food deprivation. A recent study in Drosophila (Gutierrez et al., 2007) reveals a novel role
in regulating lipid metabolism for specialized cells called oenocytes that present striking functional
similarities to mammalian hepatocytes.Complex organisms have evolved a
series of buffering systems to ensure
that their tissues have a dependable
supply of energy and metabolites
through alternating periods of food
availability and starvation. Lipids are
important energy carriers and, as
such, play key roles in reallocating re-
sources throughout the body during
periods of food deprivation. In mam-
mals, complex regulatory systems
act to coordinate lipid metabolism
with energy demands, involving physi-ological interactions between the
intestine, liver, adipose tissue, and
central nervous system (Finn and
Dice, 2006; Wolfgang and Lane, 2006).
In the postprandial state, dietary lipids
are absorbed from intestinal cells, bro-
ken down into free fatty acids (FFAs),
and taken up by either peripheral
tissues for direct energy production
or fat cells for storage in the form of
triacylglycerol (TAG). In parallel, liver
and adipose cells activate lipogenesis,
in which fatty acids are synthesizedCell Metabolismand incorporated into TAG. During
starvation, on the other hand, endo-
crine signals activate lipases (adipose
triacylglycerol lipase [ATGL] and
hormone-sensitive lipase [HSL]) in fat
cells, thereby mobilizing lipid stores
in the form of circulating FFAs. FFAs
can then be taken up by peripheral
tissues and used for direct energy pro-
duction. Remarkably, food deprivation
also stimulates lipid accumulation in
liver cells, contributing to one form of
liver steatosis. Liver cells oxidize at5, February 2007 ª2007 Elsevier Inc. 83
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mulated lipids to form ke-
tone bodies, providing an
additional source of energy
for high-priority tissues like
the heart, brain, kidneys,
and muscles. The interplay
between liver and fat cells
is therefore instrumental for
maintaining proper energy
homeostasis. It is also criti-
cal for withstanding periods
of starvation and, when mis-
regulated by genetic or die-
tary causes, can lead to
fatty liver disease and other
widespread human meta-
bolic pathologies.
Unsurprisingly, in view of
its high physiological impor-
tance, the genetic circuitry
that controls the lipid-based
energy balance appears to
be a conserved ancestral
function that is found in
higher eukaryotes as di-
verse as humans, worms,
and flies (Canavoso et al.,
2001; McKay et al., 2003).
Gutierrez and coworkers
(2007) now report a ravishing
integrated approach com-
bining genetics, physiology,
and genomics that further
extends the known func-
tional homology between
vertebrates and flies in this
process. Specifically, they
uncover a novel hepato-
cyte-like role for a previously
mysterious class of special-
ized cells in Drosophila larvae called
oenocytes.
Flies store lipids in the form of drop-
lets in the fat body (FB), a specialized
tissue that resembles vertebrate fat in
many respects. In response to starva-
tion, a sensor mechanism in FB cells
that is controlled by insulin/IGF (IIS)
and TOR signaling triggers the ag-
gregation of lipid droplets into larger
structures, the upregulation of lipases
such as the ATGL-like enzyme Brum-
mer, and the release of lipids into the
hemolymph (Colombani et al., 2003;
Gronke et al., 2005). How these lipid
stores are processed for further use
by larval tissues has long been a mys-
tery but is now solved by the work of
Gutierrez et al. (2007). Using classic
oil red O staining, the authors first
show that larval oenocytes, which are
visible in well-fed animals as segmen-
tally arranged clusters of large cells
that are largely devoid of fat stores
(Gould et al., 2001), accumulate vast
quantities of lipid droplets under star-
vation conditions (Figure 1). Interest-
ingly, this lipid accumulation by oeno-
cytes also occurs when the low
amino acid condition is mimicked in
FB cells either by restricting amino
acid import or by blocking the IIS/
TOR pathway. In addition, activating
lipolysis in fat cells by inducing Brum-
mer lipase production is sufficient to
promote lipid uptake in oenocytes
under normal feeding condi-
tions. Conversely, reducing
lipolysis in fat cells by di-
rected expression of the
perilipin-like Lsd2 protein
(Gronke et al., 2003) sup-
presses lipid uptake by
oenocytes in starved ani-
mals. This indicates that,
when nutrients are scarce,
reduced amino acid levels
stimulate the release of
lipids from FB cells and their
subsequent uptake by oe-
nocytes. This unique feature
of oenocytes, which is remi-
niscent of the atypical lipid
uptake that occurs in mam-
malian hepatocytes during
starvation, prompted the
authors to examine the role
of oenocytes during normal
development and fasting.
For this purpose, they de-
veloped a cell ablation strat-
egy, taking advantage of the
Gal4/UAS-inducible system
in flies to specifically ex-
press death-promoting genes
in oenocytes. Larvae de-
prived of oenocytes grew
very poorly, stayed away
from food, and never gave
rise to living adults, reveal-
ing for the first time that lar-
val oenocytes fulfill essen-
tial functions during normal
development. Interestingly,
unlike control larvae, larvae
devoid of oenocytes and
exposed to starvation were
unable to deplete their TAG reserves
efficiently, and their fat bodies
retained a higher-than-normal number
of lipid droplets. This striking result
suggests that the starvation response
involves tight bidirectional crosstalk
between oenocytes and FB cells,
whereby oenocytes not only process
the lipid stores that are released from
the fat body but also are required for
promoting lipid remobilization from fat
cells in the first place.
The functional parallels between
Drosophila oenocytes and mammalian
liver cells are further strengthened by
the finding that more than 20 fat-me-
tabolizing genes that are specifically
expressed in human hepatocytes
Figure 1. Drosophila Lipid Storage and Homeostasis
(A) The gut, fat body, and oenocytes are the three main fat-accumulat-
ing tissues in the Drosophila larva. (Modified from Gutierrez et al.,
2007.)
(B) Under fed conditions, the larval fat body (FB) takes up circulating
lipids (mostly diacylglycerol in insects) and accumulates triglycerides
(TAGs, dark red), whereas oenocytes are largely devoid of stored
lipids. During starvation or by localized activation of lipolysis through
expression of the ATGL-like lipase Brummer in FB cells, TAGs are re-
leased from FB cells and oenocytes accumulate large quantities of
lipid vesicles (1). Ablation experiments reveal that oenocytes are re-
quired for lipid remobilization from FB cells during starvation (2). The
details of how lipid stores are then processed in oenocytes are still
unknown (3).84 Cell Metabolism 5, February 2007 ª2007 Elsevier Inc.
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Previewshave fly homologs that are specifically
expressed in larval oenocytes. Nota-
bly, this list includes the fly orthologs
of the mammalian Hnf4 and COUP-TF
genes, which encode nuclear recep-
tors involved in hepatocyte differentia-
tion. Further functional studies will be
necessary to explore the role of these
oenocyte-specific genes in controlling
general lipid metabolism. The authors
have already taken a step toward
achieving this long-term goal with the
functional characterization of Cyp4g1,
an oenocyte-specific gene that
encodes a microsomal lipid u-hydro-
lase. Animals mutant for Cyp4g1 ex-
hibit pupal lethality and an improper
oleic/stearic acid ratio in their TAG
content, indicating that this oenocyte-
specific enzyme controls the fatty-
acid composition of lipid stores.
Several lines of future research have
now been opened up by this study:
One should now be able to unravel
the essential steps of lipid metabolism
that take place in larval oenocytes and,
specifically, the role that oenocytes
play in the production of ketone bodies
during starvation. Interestingly, earlier
studies reported that ketone bodies
are found in hemolymph, fat, and
muscles and that several enzymesThe Metabolic Se
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GCN2 is a sensor of amino acid de
simultaneously inducing translati
Cavener (2007) present a much b
to amino acid deprivation.
During times of energy deprivation,
mammals undergo a complex series
of metabolic responses designed to
enhance survival (Finn and Dice,
2006). One aspect of this response is
the utilization of triglyceride stores, pri-involved in ketogenesis are found in
the fat bodies of insects, suggesting
possible complementary functions
between oenocytes and fat cells in
ketogenesis (Downer, 1985). Another
exciting line of research concerns the
nature of the crosstalk between oeno-
cytes and fat cells in processing lipid
stores. The nice in vivo work by
Gutierrez et al. (2007) demonstrates
the existence of an unknown feedback
mechanism through which hepato-
cyte-like cells can control lipolysis in
fat cells. Recent evidence from mam-
mals suggests that such feedback,
from liver to adipose tissue, via angio-
poietin-like proteins (Angptl), may play
an important role in the pathogenesis
of the metabolic syndrome (Oike
et al., 2005). Finally, as several fly ge-
netic backgrounds produce abnormal
oenocyte steatosis under fed condi-
tions, it may be possible to use Dro-
sophila to model some of the underly-
ing causes of human fatty liver
disease. Together, these exciting new
lines of research in flies promise to
provide an interesting paradigm to un-
derstand both normal and pathologi-
cal relationships between fat and
liver-like cells in a genetically tractable
model.nsor GCN2 Bran
iology and Biophysics, University of Minnes
u
privation that triggers a repression
on of specific proteins. In this iss
roader role for GCN2 in controllin
marily from adipose tissue, to provide
energy in the form of fatty acids and
ketone bodies. At the same time, pro-
tein degradation rates are increased
to provide amino acid precursors.
While these can be used as gluconeo-
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genic precursors, they also provide for
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amino acids. These building blocks
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of proteins that act to withstand the
rigors of energy deprivation. Coupled
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